Introduction
============

Oxygen was recognized almost 250 years ago by Carl Wilhelm Scheele (1771) and Joseph Priestley (1774), who were both studying combustion processes.[@b1-copd-9-1207] Since the 1960s, when reactive oxygen species (ROS) were first described ([Table 1](#t1-copd-9-1207){ref-type="table"}), we have known that oxygen can both support and threaten life and is necessary for the generation of energy in aerobic life. Helmut Sies made an important contribution when he described oxidative stress as a potentially harmful disturbance in the oxidant--antioxidant balance in favor of the former.[@b2-copd-9-1207] This disturbance is brought about by reactive molecules, including free radicals (FR) and non-radical reactive species, summarized as reactive species (RS) and comprising ROS and reactive nitrogen species (RNS). In addition, considerable research power was needed to understand the cross-linked connections between oxygen radical burst and related basic physiological and pathological mechanisms. In normal respiration, it is estimated that 2% of the inhaled oxygen appears in the form of ROS, of which half is suggested to damage proteins and one-quarter to damage DNA.[@b3-copd-9-1207]

From our present point of view, chronic obstructive pulmonary disease (COPD) is an incurable but preventable respiratory disease with high prevalence that is on the way to becoming the third most common cause of death worldwide by 2020.[@b4-copd-9-1207] COPD is characterized by persistent progressive airflow limitation and hyperinflation, along with both systemic inflammation and chronic inflammation of the airways and lung parenchyma that is mainly caused by tobacco smoke and airborne particulate matter; both are responsible for the endogenous generation and release of oxidative stressors in the airways.[@b5-copd-9-1207],[@b6-copd-9-1207]

Doubtless, there are still unanswered questions about the physiology and pathophysiology of the radical burden in the human body. In health, the respiratory system is balanced by both enzymatic and nonenzymatic mechanisms.[@b7-copd-9-1207] The increased oxidative burden in COPD may contribute to a range of pathogenic processes starting with inactivation of antiproteases; enhancing bronchial inflammation by activating redox-sensitive transcription factors; mucus gland hyperplasia and hypersecretion; corticosteroid resistance; enhanced senescence; activation of neutrophils, macrophages, and fibroblasts; abnormal airway T-cell population; and small airway fibrosis culminating in direct damage to respiratory cells (apoptosis) with defective regeneration.[@b8-copd-9-1207],[@b9-copd-9-1207] In early stages of COPD, patients experience impairment of skeletal muscle function and physical performance due to a loss of oxidative type I muscle fibers and oxidative capacity (oxidative muscle phenotype/oxphen). In less advanced COPD, the muscle oxphen regulatory response to acute exercise is not blunted regardless of exercise-induced hypoxia.[@b10-copd-9-1207] COPD has a special predilection for systemic involvement that may finally result in severe skeletal muscle dysfunction, muscle atrophy, sarcopenia, weight loss, and catabolic status.[@b11-copd-9-1207],[@b12-copd-9-1207] These frequent symptoms in advanced disease may also be explained by imbalances in the local redox system.[@b13-copd-9-1207] Acute exacerbations of COPD triggered by viral and bacterial infections may be attributed to increased endogenous oxidants from macrophages and neutrophils sequestered from the circulating blood.[@b14-copd-9-1207] Oxidant--antioxidant imbalances in both the lungs and the circulation, gene polymorphisms, and activation of transcription factors such as Nuclear factor kappa B NF-κB contribute as a bundle to the molecular pathogenesis of COPD.[@b15-copd-9-1207]--[@b17-copd-9-1207] In smokers particularly, the distorted equilibrium between oxidants and antioxidants and associated pathogenic pathways may be of a high impact on the development of COPD or neoplastic lung disease and also on the search for novel therapeutic approaches.[@b15-copd-9-1207],[@b18-copd-9-1207]

Characteristics of reactive species
===================================

Oxygen has the extraordinary ability to oxygenate other molecules; it can break chemical bonds and fragment molecules into smaller units. New radical agents are generated by electron transfer that in turn can oxidize other molecules in a self-limiting chain reaction. Molecular oxygen (O~2~) itself contains two unpaired electrons, making it a diradical. However, it has only weak oxidative potential compared to some of its powerful cell-damaging metabolites ([Table 1](#t1-copd-9-1207){ref-type="table"}).

FR are inorganic or organic chemical compounds with one or more unpaired electron(s), symbolized by an additional point (^•^); they tend to be highly reactive and short lived. They are generated both exogenously by a great variety of reactions and endogenously. FR may be formed by chemical cleavage of covalent bonds, when one electron each of a common electron pair then remains with the split-off piece. The hydroxyl radical (^•^OH) or hyperoxide/superoxide radical (^•^O~2~^−^) ROS are of particular biological importance. Singlet oxygen (^1^O~2~) is also a highly reactive agent generated in phagocytic processes as well as in various reactions of photosensitization; it has both a radical and nonradical form. Sulfur dioxide (SO~2~) itself is not a FR, but it may react to sulfite ions (SO~3~^2−^) and upon reaction superoxide generates other radicals such as SO~3~^•−^, SO~4~^•−^, SO~5~^•−^ that contribute to urban smog. Nitrogen dioxide (^•^NO~2~), a reactive FR, is a common indoor and outdoor gaseous pollutant (caused by combustion/traffic) that has been shown experimentally to cause epithelial damage and to induce inflammation in the airways. Chronic NO~2~ exposition may increase the incidence and severity of respiratory infections and worsen preexisting COPD. Similar inflammatory patterns and worsening of symptoms in patients with asthma and COPD have been demonstrated to be due to high concentrations of the oxidizing environmental pollutant ozone.[@b19-copd-9-1207] A recent experimental study showed that mice exposed chronically to ozone developed emphysematous changes in their lungs and a loss of antioxidative stress response after 3--6 weeks of exposure.[@b20-copd-9-1207] Nitrogen monoxide (^•^NO) and nitrogen dioxide (^•^NO~2~) are also highly reactive FR and main constituents of urban smog.

Hydroxyl radicals (^•^OH) are generated from hydrogen peroxide (H~2~O~2~), peroxyl radicals in enzymatic pathways (oxidoreductases, xanthine oxidase, nicotinamide adenine dinucleotide phosphate \[NADPH\] oxidase), and electron transmission from flavins and quinolones. Such reactions mainly occur in the context of inflammation processes and/or phagocytosis by macrophages. The ^•^OH radical is one of the most reactive chemical agents. It may act as a physiological intracellular agent that, in excess, is considered to be a risk factor for several respiratory diseases ([Table 1](#t1-copd-9-1207){ref-type="table"}). The ^•^OH radical may go into a reaction chain with organic molecules, where each reaction generates both a reaction product and a new free radical. Antioxidative agents can weaken and stop this chain reaction. The generation of ^•^OH radicals is initiated by reactions of metal ions with hydrogen peroxide (Fenton reaction), ionizing radiation or by exposition to ozone. The most important sources of the superoxide radical (^•^O~2~^−^) are the mitochondrial respiratory chain and the endoplasmatic reticulum. In the mitochondria, the generation of ^•^O~2~^−^ is based on electron transport chains that function imprecisely and leak; that may cause a single electron transfer to oxygen. In the respiratory chain, this leaky location is mainly related to the NADH-coenzyme-Q-reductase complex. Superoxide in aqueous solution is less harmful. However, depending on its pH it may be protonated to the hydroperoxyl radical (HO^•^~2~) which is more reactive and highly soluble in a hydrophobic milieu. It can pass through membranes and has phospholipid damaging potential. In aqueous milieu, ^•^O~2~^−^ works as a reducing agent and produces H~2~O~2~ and O~2~ in a fast dismutation reaction. In addition, the generation of hydroxyl radicals by the reaction of H~2~O~2~ with ^•^O~2~^−^ catalyzed by transition metal ions, known as the Haber--Weiss reaction, provokes the harmful effect of superoxide. By the regeneration of bivalent iron, a precondition for the Fenton reaction, ^•^O~2~^−^ radicals also take part in the generation of alkoxyl radicals (RO^•^) from hydrogen peroxide. In the organism this is particularly important when lipid peroxidation causes a chain reaction that can lead to cell death.

A small amount of the iron in the body is not bound to proteins but occurs as a chelate complex with adenosine triphosphate, guanosine triphosphate, and citrate supporting the Fenton reaction as a potential source of FR. It is very likely that biochemical causes for the pathological effects are due to increased iron intake and generation of hydroxyl radicals.

ROS are generated in aerobic cells and organisms by intracellular reactions. Though most oxygen and nitrogen radicals are structurally and thermodynamically stable, their intracellular behavior varies greatly. When they react with other compounds, their chemical lifetimes can vary from very short to very long. ROS are thermodynamically stable, but their reaction properties in the cellular compartment may be very different; the lifetime of the superoxide radical ranges from micro/milliseconds up to minutes and even hours in in vitro modes. There is a wide range of radicals, with life and observation times ranging from minutes up to years.[@b21-copd-9-1207]

Besides in COPD, RS as highly reactive molecules may have a role in the pathogenesis of various diseases (eg, idiopathic pulmonary fibrosis, Adult Respiratory Distress Syndrome (ARDS), diabetes, arterial hypertension, and cancer), in damage to cell structures (carbohydrates, nucleic acids, lipids, proteins), and in general in aging.[@b22-copd-9-1207] In lung fibroses, it was shown that there is an abundance of oxidants and inflammatory cells that may produce a significantly greater amount of ROS than in healthy controls; inflammatory cells are also upregulated in asthmatic disease, increasing radical generation.

Since inflammatory cells and FR may also inactivate important antiproteases (α~1~-proteinase-inhibitor, secretory leukoprotease inhibitor), the development of lung emphysema may be greatly facilitated when protease activity is overwhelmed.[@b23-copd-9-1207] ROS are also able to inactivate growth factors such as transforming growth factor (TGF)-beta, enhancing the fibrotic changes in the above-mentioned respiratory diseases and activating matrix metalloproteinases (MMP); simultaneously, antioxidative mechanisms such as dismutase or glutathione (GSH) peroxidase are activated.

However, oxidative stress is caused not only by an increased burden of oxidants but also by a decrease of the antioxidative potential. The protective antioxidant levels are significantly depleted in alveolar macrophages of COPD patients,[@b24-copd-9-1207] and recent studies indicate that in inflammatory respiratory diseases such as COPD, antioxidative mechanisms are not sufficiently adapted as the increase of superoxide dismutase expression is lacking, so that oxidants subsequently may take over the leading role. Oxidative stress and COPD are closely related by several mechanisms. The most important of them induces increased expression of the proinflammatory genes that contribute to chronic inflammation in COPD ([Table 2](#t2-copd-9-1207){ref-type="table"}).[@b25-copd-9-1207]

Within the endoplasmic reticulum, superoxide radicals are generated in the hydrolytic monooxygenase reactions, which transform major amounts of xenobiotics for detoxication. Hydroperoxides are stable under physiologic conditions, but may be rapidly decomposed under the catalytic impact of metals, eg, iron bound in hemoglobin, myoglobin, or cytochrome. Depending on the valence of the metal, alkoxyl radicals (R-O^•^) or peroxyl radicals may arise; the latter are not very reactive. Additionally cyclic peroxides may be formed from peroxide radicals. Sequential products are cyclic endoperoxides as found in prostaglandins. They are decomposed by O~2~, hydrolysis, or heat among other influences to aldehydes; of them, malondialdehyde (MDA) is very important as a marker for monitoring such processes. Superoxide generated by xanthine oxidase is involved in reperfusion injuries, as may occur in ischemic heart disease or cardiogenic shock. Oxygen supplementation for withdrawal from ischemic states increases the conversion of xanthine dehydrogenase to the oxidase, followed by increased generation of ^•^O~2~^−^. Allopurinol, an inhibitor of xanthine oxidase, may be introduced when side effects of reperfusion are to be avoided.

Physiological tasks of radical species
======================================

All reactions of the different RS in the organism are closely connected. Continuous radical generation is a physiological task of cell metabolism ([Figure 1](#f1-copd-9-1207){ref-type="fig"}).[@b26-copd-9-1207] Besides, experimental studies have identified mitochondrial ROS as essential for O~2~ sensing. Inflammatory cells not only use but also release oxidizing agents (eg, myeloperoxidase \[MPO\] from neutrophils or eosinophilic peroxidase from eosinophilic leukocytes) to destroy microbes and to protect the organism. Thus, RS are necessary for efficient host defense against exogenous pathogens and infectious agents. In this context, RS can also react with molecular structures, rendering them dysfunctional. Since superoxide radicals participate in the pathogenesis of all kinds of membrane damage, lipid peroxidation is a central player. But superoxides may also help keep the organism functioning since they aid in maintaining defined redox potentials on the cellular level and so regulate development and differentiation processes. Synthesis of DNA requires tyrosine radicals, which are part of the subunit of ribonucleoside diphosphate reductase. RS also have the positive effect of contributing lipoxygenase to the synthesis of prostaglandins and leukotrienes. RS reactions are closely correlated to phagocytosis and RS are also vitally important for inducing apoptosis. Neutrophils and macrophages use much more oxygen to initiate phagocytic activity; at this point, a membrane-bound enzymatic complex, NADPH oxidase, is activated, which oxidizes NADPH. The released electrons may reduce oxygen to superoxide radicals, which can dismutate to hydrogen peroxide and O~2~. The latter may generate ^•^OH radicals in the iron-catalyzed Haber--Weiss reaction. H~2~O~2~ and especially OH^•^ damage RS in the bacteria walls. Phagocytic vacuoles contain the enzyme MPO, which in the presence of H~2~O~2~ and chloride ions generates hypochlorous acid (HOCl), also a highly reactive species. ROS and RNS play an important role in inflammatory processes but both function ambivalently and are not always harmful. Some of the RS are involved in important signaling pathways and have physiological tasks, eg, as signaling mediators, and the function of ^•^NO as a potent vasodilator, neurotransmitter, and bactericide is well documented. There is increased generation of RS in inflammatory processes so that oxidative mechanisms cannot sufficiently protect ^•^NO against oxidation; in turn, the strong oxidant and highly reactive intermediate peroxynitrite (ONOO^−^) is generated by diffusion-controlled reactions with ^•^O~2~^−^. In contrast, ROS generated by macrophages in inflammatory processes may initiate intracellular signal transduction and reverse oxidation of intracellular enzymes. Then, this signaling initiates expression of cytokines and other mediators of inflammation. In this way, oxidative/antioxidative metabolism is integrated into the complex transduction of signaling pathways that are important for the understanding of the pathophysiology and progression of lung diseases.

Tobacco smoke and exogenous radicals
====================================

With a large surface of 80--100 m^2^ and a daily breathing volume of 10,000 to 20,000 L, the lungs are very susceptible to injuries provoked by RS. The situation is drastic in smokers, since cigarette smoke, as the most important and preventable risk factor for COPD, contains about 5,000 different chemical compounds, as well as a high inhalative environmental burden of more than ten different oxidants and 15 FR.[@b27-copd-9-1207],[@b28-copd-9-1207] This environmental oxidant burden is augmented by additional release of endogenous oxidants from a larger number of inflammatory airway cells with high capacity for FR production, especially in COPD patients who smoke.[@b8-copd-9-1207] Besides tobacco smoke with high contents of exogenous FR, urban (biomass fuel), industrial, and occupational air pollution provide various oxidants that probably are responsible for the high prevalence rates of COPD in nonsmokers in developing countries.[@b29-copd-9-1207] Patients on long-term oxygen therapy are continuously exposed to large quantities of inhaled oxidants if they are supplemented with high inspiratory fractions of oxygen, but endogenously generated FR also contribute to the remarkable oxidant burden of airway structures in cigarette smokers ([Table 3](#t3-copd-9-1207){ref-type="table"}). One of the most important pathways to COPD is opened up by the high radical burden with a low antioxidant counterpart.[@b30-copd-9-1207] In this context, cigarette smoke provokes a high oxidant burden and marked decrease in the antioxidant capacity even in the plasma. This is why oxidants can inactivate α~1~-proteinase inhibitor by reducing its ability to bind substrates like elastase from neutrophils. But the inflammatory process itself causes oxidant stress because there is great potential for excessive ROS to be generated. Thus, heavy smokers are at risk to develop COPD, suffer its impairments, and fail to respond to treatment of the disease. The initiation of the development of emphysema and COPD also points to the important role played by the strong exogenous oxidants that are inhaled in active and passive cigarette smoke (aldehydes, ^•^NO~2~, SO~2~). Enzymes such as elastases released in excess by neutrophils are usually inactivated by the protective screen of antiproteases in the lung, so that they are not able to attack and destroy the invaluable elastic fibers in the lung. Oxidants damage the active elastase screen, and α~1~-proteinase inhibitor and neutrophil elastase facilitates the degradation of elastic fibers in a relentless process that ends in emphysema. An overload of exogenous and endogenous RS contributes to the imbalance in the redox status in smokers and patients with COPD. This distorted equilibrium between oxidants and antioxidants can damage the lung matrix and impair elastin synthesis as well as its repair. The potential of smoking or environmental smoke exposure to decrease antioxidants was demonstrated in a study of smokers, passive smokers, and nonsmokers. The study revealed significantly lower plasma ß-carotene and ascorbic acid but higher α-tocopherol concentrations in cigarette and passive smokers than in nonsmokers.[@b31-copd-9-1207] The antioxidant levels found in the study population, however, were not related to differences in nutritional regimen, antioxidant intake, or other influencing factors such as age, sex, ethnicity, body mass index, alcohol consumption, or fruit and vegetable intake. Interestingly, changes in antioxidant values in plasma and erythrocytes may not be uniform in COPD patients. Radicals from cigarette smoke may also impact vitamin D metabolism in the lungs[@b32-copd-9-1207] and so contribute to the increased prevalence of osteoporosis in smoking COPD patients.[@b33-copd-9-1207] Recently, it has been shown that the vascular endothelial growth factor (VEGF) also seems to be involved in the pathogenesis of COPD; there is some evidence that VEGF and VEGF-2 receptor might be overexpressed in smokers with chronic bronchitis caused by upregulation of HIF-1α (hypoxia inducible factor-1α).[@b34-copd-9-1207],[@b35-copd-9-1207] Nrf2 (NF-E2-related factor 2), another redox-sensitive transcription factor inducing antioxidant expression, was negatively associated with the severity of COPD; novel therapeutic approaches to offset the effects of oxidative stress therefore should embrace substances that are directed toward enhancing Nrf2-regulated antioxidants[@b36-copd-9-1207] while slowing upregulation of HIF-1α.

Oxidative stress biomarkers
===========================

It has continued to be difficult to evaluate and monitor oxidative stress with the aim of providing needed antioxidative support. Since RNS are highly reactive, quantifying them remains an unmet challenge. A wide range of different raw materials like exhaled air, exhaled breath condensate (EBC), sputum, serum/plasma, endobronchial biopsies, or lung sections have been used to determine and quantify oxidative burden in COPD.[@b37-copd-9-1207],[@b38-copd-9-1207] These materials differ considerably in availability and significance. A number of different markers have been used to determine oxidative stress. One of the most commonly determined biomarkers is plasmatic hydrogen peroxide, which is increased in COPD and in acute exacerbations of the disease.[@b38-copd-9-1207],[@b39-copd-9-1207] The concentration of hydrogen peroxide in EBC has been measured and was also found to be elevated in COPD patients.[@b40-copd-9-1207]--[@b42-copd-9-1207] EBC analyses using EcoScreen technology demonstrated elevated hydrogen peroxide levels and lower pH values in both COPD and asthma patients compared to healthy controls; thus, neither H~2~O~2~ nor pH correlated significantly with pulmonary function or fractional exhaled nitric oxide. Nevertheless, scores on a COPD assessment test were significantly correlated to EBC-H~2~O~2~ levels.[@b24-copd-9-1207] Unfortunately, this biomarker is not very specific and less indicative for COPD, coinciding with values for smokers without COPD. Samples of EBC may mirror biochemical changes in the airways and particularly in the epithelial lining fluid (ELF),[@b37-copd-9-1207] whereby the limiting factor for obtaining adequate volumes of EBC is the ventilatory capacity over a given period of time. In this context, 8-isoprostane, representing an end product of lipid peroxidation, was determined in the EBC with controversial results on the relation to COPD stages as well as the variability of levels.[@b43-copd-9-1207] The 8-isoprostane was also shown to be elevated in EBC of COPD patients compared to controls.[@b40-copd-9-1207],[@b44-copd-9-1207] Sputum is obtained noninvasively and as a raw material is also of increasing interest for determining oxidative stress markers. Among other eicosanoids, 8-isoprostane was measured in sputum but unfortunately the results are inconsistent. Tendencies or significant increases during acute exacerbations of COPD compared to stable subjects have been reported.[@b45-copd-9-1207],[@b46-copd-9-1207] Concentrations of 8-isoprostane are also increased in induced sputum of both asymptomatic cigarette smokers and COPD patients; thus, sputum 8-isoprostane concentrations do not clearly distinguish these two groups.[@b47-copd-9-1207] Similarly, 4-hydroxy-2-nonenal, a highly reactive lipid peroxidation product, is increased in bronchial secretions of smokers with COPD, but 4-hydroxy-2-nonenal is also elevated in smokers without COPD compared to nonsmokers.[@b48-copd-9-1207] Sputum MPO, a further biomarker mainly expressed by neutrophils, shows higher concentrations in COPD.[@b49-copd-9-1207] In the case of MDA, it is not always clear whether thiobarbituric acid reactive substances (TBARS) or specifically MDA have been determined. In EBC, MDA/TBARS were found to be increased[@b50-copd-9-1207] or in the control range.[@b40-copd-9-1207] MDA may lead to cross-linkage and aggregation of membrane proteins by reacting with amino groups in proteins, and may be seen as the most important decomposition product of clinically relevant polyunsaturated fatty acids, since there is evidence that MDA allows discrimination between healthy smokers and COPD patients.[@b51-copd-9-1207] Further biomarkers are available from plasma or serum. TBARS/MDA levels have been reported to be in the range of controls[@b52-copd-9-1207],[@b53-copd-9-1207] or elevated compared to healthy controls.[@b54-copd-9-1207]--[@b56-copd-9-1207] The carbonyl content of plasma proteins and advanced oxidation protein products are frequently used biomarkers and have been found to be increased in COPD patients;[@b52-copd-9-1207],[@b54-copd-9-1207],[@b56-copd-9-1207],[@b57-copd-9-1207] on the other hand, the thiol content of plasma proteins was reported to be lower in COPD.[@b53-copd-9-1207],[@b54-copd-9-1207],[@b56-copd-9-1207] Material from endobronchial biopsies has been investigated and while protein--MDA adducts and protein nitrotyrosine were in the control range, patients were found to have increased protein carbonyl content.[@b57-copd-9-1207] Other biomarkers of lipid peroxidation such as gaseous flow-dependent ethane and pentane[@b58-copd-9-1207] as well as increased levels of peroxynitrite have been determined in EBC of COPD patients.[@b59-copd-9-1207] GSH levels have been proven to be increased in the broncho-alveolar lavage fluid (BALF) of smokers and stable COPD patients compared to nonsmokers, but are reduced in acute exacerbations.[@b60-copd-9-1207] Diagnostic broncho-alveolar lavage (BAL) procedures would be inappropriately invasive for this purpose and less sensitive in the routine assessment of oxidative stress. ELF collected by EBC could be used to monitor both oxidative stress and inflammation.[@b83-copd-9-1207] However, valid surrogate markers (biomarkers) for oxidative burden from the plasma, BALF, or ELF are not very reliable and do not reflect the overall oxidative burden. The search is ongoing for biomarkers of oxidative stress in general and in COPD in particular that would be reproducible and reflect changes due to pathology or therapeutic intervention. Despite the many biomarkers that have been investigated for their clinical usefulness to assess oxidative stress, none has turned out to be ideal, because none of the markers of oxidative damage can really discriminate between COPD and other inflammatory lung diseases such as asthma or pneumonia. Finally, there are as yet no relevant standardized clinical methods or treatment guidelines.

Physiological antioxidative screen
==================================

The human body has a range of endogenous enzymes as well as nonenzymatic antioxidants and radical scavengers that can help to prevent damage from FR. To prevent or at least mitigate damage by RS, the human body provides a range of antioxidative agents that may neutralize oxidants or change them into less harmful substances.[@b61-copd-9-1207] In health, both the lungs and blood are sufficiently protected by a range of nonenzymatic (eg, ascorbic acid, α-tocopherol, ferritin, uric acid) and enzymatic antioxidants such as superoxide dismutases (SOD), catalases (CAT), and peroxidases (GPx) that can react with hydrogen peroxide. There is a sufficient physiological reserve of the constituents of the antioxidant screen in the airways such as intra- and extracellular SOD or GSH. Type II alveolar cells usually have more densely packed antioxidative enzymes than type I. CAT, a highly reactive intracytoplasmic enzyme against H~2~O~2~, is contained in both alveolar macrophage type II and inflamed respiratory cells; however, it is less inducible. Cigarette smoking may deplete this antioxidant screen and downregulate antioxidant pathways associated with COPD. While GPx reacts with H~2~O~2~, GSH reductase catalyzes from the reduction of GSH disulfide (GSSG) to GSH and thus is responsible for the stabilization of the body's most important nonenzymatic antioxidant. The GSH system (GSH/GSSG) acts as the most important redox sensor on the cellular level (physiologically \>90% in reduced form). Though GSH is considered to be one of the most important nonenzymatic antioxidants, even in the human lung (high levels in ELF), GSH homeostasis depends on gross interactions with other enzymes. SOD occurs to a certain extent in all cells of the respiratory system and may convert superoxide to H~2~O~2~ and O~2~. SODs are named according to their metal content (CuZnSOD, MnSOD, FeSOD, extracellular SOD \[EcSOD\]) and represent enzymes with activity against superoxide radicals.[@b47-copd-9-1207] Increased sputum levels of EcSOD were typically found in smokers and COPD patients,[@b62-copd-9-1207] and polymorphisms in the EcSOD gene were found to be associated with susceptibility to emphysema rather than with COPD.[@b63-copd-9-1207] So MnSOD has confirmed antioxidant efficacy against damage to the lung alveolar epithelium and may be induced by both TNF-α and oxidants from tobacco smoke; conversely, it can even be inactivated by high oxidative burden. Since experimental EcSOD deficiencies led to emphysema,[@b64-copd-9-1207] both EcSOD and MnSOD are strongly suggested to have an important protective role in COPD.[@b65-copd-9-1207] Besides, there are a few endogenous and exogenous scavengers of RS, which are a disputed therapeutic option. Best known are the vitamins C (ascorbic acid) and E (tocopherol) and the vitamin A precursor ß-carotin, along with metal-binding proteins such as transferrin, ferritin, and ceruloplasmin that may also diminish RS generation.

In a second step, hydrogen peroxide is further degraded by enzymes like CAT or GPx, resulting in H~2~O and O~2~ or GSSG, respectively. GPx can only be activated in the presence of selenocysteine as well as GSH. The cellular redox system can only function when certain proteins, redoxins, are available. At the molecular level, ROS may stimulate inflammatory cytokines by increasing their gene transcription,[@b66-copd-9-1207] while a protective counterpart works to maintain the steady state by increased activation of genes from the antioxidative screen. The ELF of the airways forms an important functional barrier for oxidants. This thin fluid film contains dismutases, GPx, and other enzymes, along with nonenzymatic radical scavengers like vitamin E, GSH, or ferritin. Antioxidants in the ELF may be responsible for individually different resistance of the airways to oxidative stress.

Therapeutic antioxidative approaches
====================================

Besides never smoking, stopping smoking is the best way to prevent onset and progression of COPD. Mortality rates for COPD vary depending on smoking habits, general air pollution, and dietary antioxidant intake of a population. The progress of airway inflammation, oxidant, and protease burden even months/years after stopping smoking, and nonresponsiveness to steroid inhalation have been recognized as hallmarks of a therapeutic challenge in COPD.[@b67-copd-9-1207],[@b68-copd-9-1207] Based on our present knowledge of the pathogenesis, the activity of COPD may be diminished or controlled either by downregulation of endogenous enzymatic ROS generation or by the introduction of novel powerful antioxidative treatments using single, or better, combined antioxidant/redox modulating regimens.[@b69-copd-9-1207] Antioxidants may have preventative as well as therapeutic potential in COPD,[@b38-copd-9-1207] can improve overall lung antioxidant capacity, and may find use in new therapeutic approaches ([Table 4](#t4-copd-9-1207){ref-type="table"}). A less-considered problem in prospective antioxidative substitution in COPD might be the heterogeneity of the disease based on several subphenotypes.[@b70-copd-9-1207] Furthermore, an association of COPD with a variety of chronic comorbidities, especially in the elderly, may impede a uniform therapeutic approach. Many agents act as controllers of NF-κB; regulate antioxidant GSH bio-synthesis genes but also remodel chromatin; and are involved in inflammatory gene expression. Though several antioxidant agents have been evaluated as potential treatment candidates, none could be shown convincingly to protect against COPD and oxidative burden. Most studies investigated the administration and efficacy of single antioxidative enzymes, but it is more likely that a combination of several antioxidants would have a better treatment outcome than a single substance.[@b71-copd-9-1207] However, treatment options may either augment endogenous antioxidant enzymatic and nonenzymatic defenses or largely suppress the generation of ROS. This should be compatible with an increased thiol status, GSH/GSSG ratio, or enzymatic activity (SOD/GPx) indicative of a decrease in radical burden. There is already ample evidence for a genetic impact in the pathogenesis of COPD, and gene polymorphisms involving antioxidant genes encoding for SOD, CAT, glutathione-S-transferase, or cytochrome P450 are involved in FR neutralization ([Table 5](#t5-copd-9-1207){ref-type="table"}).[@b5-copd-9-1207]

An effective antioxidant regimen for therapeutic intervention should aim to target cardinal symptoms of COPD, such as mucus hypersecretion, mucostasis, chronic airway inflammation, and remodeling, and should aim to overcome steroid resistance.[@b69-copd-9-1207] From among several radical scavengers with potential to slow down rapid aging, a number of possible candidate agents have emerged that could hold off the initiation and progression of COPD.[@b72-copd-9-1207] Though there are a few supplemental antioxidants that might contribute to a breakthrough in COPD treatment, at present, there is no antioxidant regimen whose composition and duration of treatment can be recommended without reservation. Furthermore, the complex interactions combined with a still incomplete understanding of the subtle pathophysiology of COPD frequently stand in the way of better results.[@b25-copd-9-1207] The clinical utility of antioxidants has to be proven in further studies and more antioxidative combination regimens need to be tested in clinical trials before any treatment guidelines can be formulated ([Table 5](#t5-copd-9-1207){ref-type="table"}).

Further agents with antioxidative potential
===========================================

GSH
---

Even though supplementation seems to be the logical therapeutic consequence in COPD, administration of GSH, whether by the oral, intravenous, or inhalatory route, has not proven to effectively increase its concentrations in either respiratory cells or ELF.[@b28-copd-9-1207],[@b73-copd-9-1207] Inhaled GSH produced some improvements in lung function, mainly in cystic fibrosis (CF) patients, but without any changes in the oxidative stress burden.[@b74-copd-9-1207] Novel, possibly liposomal formulations to improve its bioavailability could have promise for the future.

N-acetyl-L-cysteine (NAC) and new thiols
----------------------------------------

Upon oral administration of this strong reducing agent and cellular precursor of GSH, NAC, a mucolytic, is deacetylated in the intestine to cysteine; as a thiol-containing α-amino acid and constituent of GSH, it improves both GSH redox balance and intracellular GSH synthesis in the lungs.[@b75-copd-9-1207] However, NAC targets the replenishment of GSH in deficient cells and therefore may not be considered as an antioxidant agent in the proper sense. NAC is likely ineffective in GSH repleted cells.[@b76-copd-9-1207] Though NAC is well tolerated, it has been found to impact COPD progression with varying success.[@b77-copd-9-1207] In the BRONCUS (Bronchitis Randomized on NAC Cost-Utility Study) study, within 3 consecutive years, patients with COPD II and III could not significantly decrease their rate of exacerbation or slow the decline of forced expiratory volume (FEV1) versus placebo.[@b78-copd-9-1207] In contrast, the intake of 600 mg NAC twice a day for 2 consecutive months led to a significant decrease in oxidative biomarkers in smoking COPD patients, but also to a reduction of bronchial hypersecretion and decline of FEV1.[@b79-copd-9-1207] At the cellular level, NAC may also act as a prooxidant. NAC is ambivalent in function, which may explain the inconsistent efficacy results in several studies that were not due to methodological deficiencies alone. Nevertheless, there is strong and undebatable evidence of the clinical benefit of its mucolytic effect, and the reduction of the exacerbation rate is also convincing. In the PANTHEON study, which included 1,006 patients with moderate to severe stage II and III COPD (GOLD), the oral intake of 600 mg NAC twice a day was proven to be an efficient long-acting therapy, significantly decreasing both the exacerbation rate and duration of exacerbations independent of inhalative corticosteroids.[@b80-copd-9-1207] But only animal studies have shown that NAC allows improvement of lung emphysema when elastase is sufficiently antagonized and α~1~-antitrypsin is protected against oxidation by cigarette smoke.[@b81-copd-9-1207] Against all these conflicting results on NAC's efficacy, its benefits include the increased concentration of the intracellular GSH, its remarkable mucolytic efficiency due to cysteine-mediated disruption of disulfide bonds in the glycoprotein matrix, and a general lack of side effects. Though some meta-analyses have shown a small but significant clinical benefit of NAC in COPD patients,[@b82-copd-9-1207] the overall evidence for NAC in COPD remains inconclusive.[@b83-copd-9-1207]

Another thiol derivative with similar mucolytic and antioxidant properties is N-acystelyn (NAL), which was also found to fill up the intracellular GSH pool and to protect against ROS as H~2~O~2~. In healthy individuals, lung deposition of NAL was achieved via metered dose inhaler.[@b84-copd-9-1207] NAL may be an effective therapeutic option in COPD, since it enhances intracellular GSH concentration of alveolar epithelial cells and strongly inhibits ROS formation,[@b85-copd-9-1207] but its efficacy needs to be proven in more clinical trials. Procysteine may improve mitochondrial GSH in alveolar type II cells and serve as an adjunct therapeutic measure to improve macrophage function in COPD. The novel antioxidant and thiol derivate erdosteine is not only able to break disulfide bonds, but -- when 300 mg is given twice/day for a minimum period of 8 months -- is also a strong anti-inflammatory and antioxidant agent that considerably decreases the COPD exacerbation rate, significantly improving quality of life.[@b86-copd-9-1207] The administration of this 600 mg/day significantly decreased blood ROS levels in smoking COPD patients. Erdosteine has already been widely introduced in clinical practice and is available in a number of countries worldwide due to its demonstrated benefits, particularly in patients with frequent, prolonged, and severe COPD exacerbations.[@b87-copd-9-1207] Similar agents that are under clinical investigation are fudosteine and carbocysteine (carboxymethylcysteine \[S-CMC\]); in a large trial (PEACE study), the latter reduced the exacerbation rate of COPD by 25% when administered in a dosage of 1,500 mg daily for 1 year.[@b88-copd-9-1207] A 6-month trial to demonstrate its antioxidant and anti-inflammatory potential showed that when S-CMC is given orally and activated in the gastrointestinal tract, it greatly decreases bronchial inflammation as well as the exhaled oxidant biomarkers 8-isoprostane and proinflammatory cytokines such as interleukin-6 (IL-6).[@b89-copd-9-1207] Furthermore, ICAM-1 expression and adherence of microbes, eg, *Moraxella catarrhalis* and *Streptococcus pneumoniae,* are downregulated in vitro.[@b90-copd-9-1207] Longer intake of S-CMC at higher dosage seems to be more effective in preventing acute exacerbations. Fudosteine, another mucolytic that strongly inhibits both mucus hypersecretion and the formation of peroxynitrite through radical scavenging, is available in several countries to treat COPD.[@b59-copd-9-1207] Ergothioneine is an antioxidant derived from various vegetable and animal tissues. This compound was shown to inhibit ROS-mediated signaling in respiratory inflammation.[@b91-copd-9-1207] It was recently demonstrated that the mucolytic expectorant ambroxol, commonly used to prevent acute exacerbations of COPD, enhances the plasmatic antioxidant potential as well as the levels of thioredoxin reductase at concentrations of 100--200 μM.[@b92-copd-9-1207] Overall data on the efficacy of thiol antioxidants are inconsistent. These compounds aim rather at improving mucostasis and mucus secretion than acting on lung function itself. Nevertheless, there is evidence that carbocysteine particularly decreases COPD exacerbation rates.[@b71-copd-9-1207]

Nuclear factor 2 and Nrf2-activators
------------------------------------

Nrf2 is a ubiquitous cytoplasmic transcription factor in normal cell populations and very important in protecting them against RS derived from tobacco smoke.[@b71-copd-9-1207] Nrf2 concentrations in the lungs are typically decreased in COPD, and low Nrf2 levels are associated with redox modifications and degradation of histone deacetylase 2 (HDAC2), an enzyme that is involved in the regulation of steroid sensitivity.[@b93-copd-9-1207] Compounds that activate Nrf2 may contribute to the cross-linked antioxidative screen of the lungs. Nrf2 as well as Nrf2 activators have great potential for defending against RNS in tobacco smoke, particularly in COPD patients, whose endogenous antioxidant defense has been overwhelmed and is less adaptable. Development of novel and efficient Nrf2 activators therefore should have high priority; they could then be combined with other therapeutic agents for a better outcome in COPD.[@b94-copd-9-1207] Some synthetic and natural compounds, eg, sulforaphane (broccoli, cabbage), curcumin, or caffeic acid phenethyl ester, may induce Nrf2/ARE (antioxidative response element)-regulated gene expression; also, naturally occurring chalcones of the flavonoid family may activate the Nrf2 pathway inducing upregulation of intracellular GSH synthesis and hemoxygenase-1 activity.[@b95-copd-9-1207]

Lipid peroxidation inhibitors and protein carbonylation blockers
----------------------------------------------------------------

Neoplastic cells are remarkably resistant to lipid peroxidation, though their altered lipid composition decreases their enzymatic antioxidative screen. Their redox state, however, seems to be shifted far to the reduced side. Both edaravone and lazaroids are potent inhibitors of membrane lipid peroxidation.[@b69-copd-9-1207] Edaravone operates as a strong FR scavenger that also may decrease carbonyl stress in COPD and so may protect against neutrophil lung infiltration and prevent pulmonary fibrosis.[@b96-copd-9-1207] Edavarone as a novel substance may become increasingly important in lessening the severity of oxidative lung diseases and COPD. In animal studies, lazaroids were also able to protect against allergic bronchoconstriction, BAL eosinophilia in allergic sheep, and oxidative stress in hyperoxic states.[@b97-copd-9-1207],[@b98-copd-9-1207] Pharmacological approaches generally involve scavenging reactive aldehydes before they can carbonylate proteins. The carbonyl scavengers included some interesting compounds like the antihypertensive agents hydralazine (scavenger of acrolein) and captopril (scavenger of MDA), or carnosine. In a rat COPD model, overexpressed angiotensin converting enzyme was able to reduce oxidative stress and inflammation induced by cigarette smoke by inhibiting the NF-κB and p38 MAPK pathways.[@b99-copd-9-1207] All these drugs have well known pharmacokinetically defined profiles, but neither short- nor long-term proven impact on COPD.

Dietary antioxidant polyphenols and vitamins
--------------------------------------------

Plant polyphenols including the widespread group of flavonoids (flavone, flavonols, isoflavones) are well known anti-inflammatory and antioxidant agents with one or more hydroxyl groups, and if taken regularly may reduce risk of COPD.[@b100-copd-9-1207] With increased natural dietary intake of polyphenols (catechin/green tea polyphenols, flavonol/quercetin, flavone/apigenin), COPD patients can improve their symptoms, lung function (FEV1),[@b101-copd-9-1207] and arterial oxygen tension.[@b102-copd-9-1207] Recently, the flavonol epicatechin contained in cocoa was found to reduce intracellular oxidative stress and to prevent glucocorticoid resistance.[@b103-copd-9-1207] Other polyphenols like resveratrol, found in grapes and a proven strong inhibitor of inflammatory cytokine release from neutrophils and macrophages, are known to have a protective antioxidant effective in coronary heart disease. Since it has been shown that resveratrol improves GSH synthesis in respiratory epithelial cells by activating the Nrf2-pathway,[@b104-copd-9-1207] its antioxidant benefit is also related to the scavenging of FR contained in cigarette smoke. Resveratrol was able to improve both corticosteroid efficacy and lung function in a general population.[@b105-copd-9-1207] This suggests a positive association between moderate consumption of wine and high FEV1 and FEV1/FVC (forced vital capacity) ratio. In a similar way, curcumin, a phenolic yellowish pigment and ingredient of turmeric (rhizome of *Curcuma longa*), has been found to modulate NF-κB, cyclooxygenase-2 expression, and neutrophil migration in the airways.[@b106-copd-9-1207] Curcumin has long been known to be a potent scavenger of various endogenously generated RS (superoxide radicals, hydrogen peroxide, nitrogen centered radicals) and a modulator of antioxidant enzymes (SOD, CAT, GPx). Further, it has antibacterial, antiviral, antifungal, antineoplastic, and distinct anti-inflammatory properties. Still other useful characteristics are an ability to restore impaired steroid responsiveness in COPD by maintaining histone deacetylase activity in monocytes and to improve a reduced intracellular GSH level.[@b106-copd-9-1207],[@b107-copd-9-1207] Nanoparticle-encapsulated curcumin may provide novel therapeutic perspectives with modified absorption and improved bioavailability combined with greater efficacy in inhibiting NF-κB and greater suppression of NF-κB-regulated proteins that are, for instance, involved in angiogenesis or cell proliferation.[@b108-copd-9-1207] The category of catechins (monomeric flavonols) has also proven to be effective in FR scavenging. Catechins, in particular vitamins C and E and further antioxidants (CAT or SOD), may contribute to the total antioxidant status of the body. Among the various green tea polyphenols, epigallocatechin gallate was identified as the most bioactive compound modulating inflammatory pathways and the expression of major inflammatory cytok-ines (IL-8).[@b109-copd-9-1207] Like sulforaphane, epigallocatechin gallate might have future promise as a therapeutic option in COPD. The former occurs naturally in many vegetables including broccoli, kohlrabi, radish, cabbage, cauliflower, or mustard and is a potent antioxidant with additional antibiotic attributes that enhance bacterial elimination by macrophages.[@b71-copd-9-1207] Sulforaphane can also improve corticosteroid sensitivity in patients with COPD.[@b110-copd-9-1207] It is suggested that sulforaphane together with curcumin or phenyl-isothiocyanate provides a greater treatment benefit by downregulating inflammatory gene expression more effectively. Even if such therapeutic strategies are still in the developmental stage, they could have potential for treating COPD.[@b111-copd-9-1207] There is also ample evidence that quercetin, a flavonol contained in apples, onions, green tea, and capers, has potent anti-inflammatory and antioxidant properties. In experimental studies in mice, quercetin prevented lipid peroxidation, expression of MMPs (MMP9 and 12), and development of emphysema,[@b112-copd-9-1207] while also inhibiting influenza virus infection.[@b113-copd-9-1207] Plant components such as flavonoids (fruits, vegetables) or lycopenes (tomato) also provide important dietary antioxidants. While flavonoids can protect cells from lipid peroxidation, lycopenes may downregulate inflammatory responses induced by cigarette smoke and also modulate signal transduction pathways of inflammation.[@b114-copd-9-1207] Further studies on the apparently beneficial effect of lycopene in COPD would be desirable since tomato juice prevented lung damage in the offspring of female rats exposed to nicotine.[@b115-copd-9-1207]

Acai, from the acai berry indigenous to South America, was demonstrated to have high antioxidant capacity due to its high polyphenol, flavonol, and anthocyanin content. Ingestion of acai pulp has proven beneficial due to its high superoxide scavenging property with downregulating effects on inflammation through inhibition of cycloxygenases 1 and 2, NO generation, and inducible nitric oxide synthase isoenzymes (iNOS) activity.[@b116-copd-9-1207]

Unfortunately, the efficacy of many polyphenols both in vivo and in vitro is limited either by low bioavailability or by transformation in the gastrointestinal tract, where some may even become toxic or change their biological effects. A 12-week diet emphasizing fruits and vegetables failed to produce any significant effect on oxidative stress or airway inflammation in 75 patients with moderate to severe COPD.[@b117-copd-9-1207] Long-term studies with dietary intake of polyphenols and their influence on COPD progression have yet to be made. There is some evidence that high intake of nutraceuticals is beneficial for cough, mucus production, or shortness of breath in COPD but there is no detailed information on the pharmacokinetics and bioavailability behind this. An interesting aspect is that dietary intake of minerals, mainly calcium, was found to be positively associated with a lower prevalence rate of COPD, while there was a negative relation for iron substitution.[@b118-copd-9-1207]

Vitamin D is likely linked to reversal of steroid resistance as well as airway remodeling. Since vitamin D regulates several genes, it is also involved in immune responses, inflammation, and cell proliferation, differentiation, and apoptosis. In this context, vitamin D acts as a ligand for nuclear hormone vitamin D receptor (VDR),[@b119-copd-9-1207] controls a range of cellular functions, and is associated with accelerated impairment of lung function, particularly with the typically low VDR levels in the lungs of COPD patients. Animal studies using VDR knock-out mice saw increased influx of inflammatory cells, phosphoacetylation of NF-kB, increase of pro-inflammatory mediators, and upregulation of MMPs in the lung.[@b120-copd-9-1207] So there are rational causes for vitamin D supplementation to prevent as well as to treat COPD. Vitamin E supplementation may decrease carbonyl and MDA levels in smokers and in mice with emphysema,[@b121-copd-9-1207] and the risk for COPD by up to 10%.[@b122-copd-9-1207] A positive association between intake of vitamin E and lung function was reported in a study population of 2,633 individuals.[@b123-copd-9-1207] Overall, the intake of vitamin antioxidants may modulate oxidative stress in COPD, but general supplementation of vitamin C (ascorbic acid), vitamin E (tocopherols), provitamin A (ß-carotene), or selenium to augment the antioxidant screen and downregulate ROS-triggered inflammation seems to be only rational when pools are greatly depleted,[@b11-copd-9-1207] yet such vitamin supplementation has so far failed to meet expectations. The majority of clinical trials aiming to improve the antioxidant status in COPD patients have been disappointing[@b25-copd-9-1207] and it remains unclear whether dietary or pharmacological measures would improve endogenous antioxidant enzyme defense and enhance nonenzymatic defense. Since the studies were also controversial, it must be assumed that oral vitamin supplementation alone does not sufficiently target damaged lung regions ([Table 3](#t3-copd-9-1207){ref-type="table"}). Dietary antioxidant supplementation could potentially improve and support antioxidative defense mechanisms in the body but should only be instituted when lab work has substantiated low levels of antioxidants or their depletion.

Antioxidative pharmacological mimetics
--------------------------------------

Specialized small molecules may mimic a decreased or depleted intracellular antioxidant screen (SOD, CAT, GPx). Experimental agents with SOD-mimicking activity include salens, manganese-metalloporphyrins, and manganese-containing macrocyclic ligands;[@b124-copd-9-1207] of them, the latter two seem to be very promising, with significant antioxidant and anti-inflammatory enzymatic properties that could be useful, even in COPD. Some SOD mimetics (manganese metalloproteins) are found to have additional catalase-like activity, neutralizing intracellular H~2~O~2~ and decomposing peroxynitrite (ONOO−).[@b125-copd-9-1207] These antioxidative enzymatic properties have only been studied in models of airway inflammation, but there is an urgent need for novel recombinant SOD mimetics to prevent airway inflammation due to neutrophils and to decrease inflammatory cytokines and lipid peroxidation with inhaled tobacco smoke. Another challenge is to develop novel pharmacological mimetics with extracellular SOD activity, since EcSOD was found to attenuate lung inflammation and emphysema in mouse models exposed to cigarette smoke by decreasing the oxidative fragmentation of the extracellular matrix proteins and protecting against oxidative posttranslational modification of elastin.[@b71-copd-9-1207],[@b126-copd-9-1207] GSH peroxidase mimetics, eg, the selenium-based strong antioxidant ebselen, may decompose peroxynitrite and improve RS-induced inflammation by increasing GSH efficiency.[@b127-copd-9-1207] Glutathione peroxidase-1 (GPx-1) may protect lungs from oxidative damage derived from cigarette smoke.[@b28-copd-9-1207],[@b128-copd-9-1207] In an experimental study, the GPx mimetic ebselen was able to inhibit smoke-induced airway inflammation, as shown with a decrease in the inflammatory cell content of BALF (macrophages, neutrophils, proteolytic burden and macrophages and neutrophil chemotactic factor gene expression) when administered prophylactically, but treatment with ebselen was also able to inhibit BALF inflammation.[@b129-copd-9-1207]

Another class of antioxidant enzyme mimetics with reported catalytic potential against peroxynitrite (peroxynitrite decomposition catalysts) in animal studies has to be investigated for its efficacy in alleviating the typically large peroxynitrite burden in COPD.[@b130-copd-9-1207] However, except for peroxynitrite decomposition catalysts there is no evidence today that these compounds will ever be applicable to lung injuries induced by tobacco smoke.

Inhibition of MPO and nitric oxide synthase
-------------------------------------------

MPO, a bactericidal enzyme from neutrophils and macrophages, is increased in mice exposed to cigarette smoke, and in the respiratory tract of patients with COPD as a consequence of ROS-mediated NF-κB activation.[@b131-copd-9-1207] Synthetic 2-thioxanthines revealed strong potential to inhibit MPO.[@b132-copd-9-1207] In response to cigarette smoke, 2-thioxanthines were shown to interrupt both progression of emphysema and small airways remodeling, but only in animal studies.[@b133-copd-9-1207] MPO inhibitors including the caffeine metabolite 1,7-dimethylxanthine have therapeutic potential and may have a promising future as treatment for inflammation in COPD. In contrast to the decreased plasmatic NO level in smokers, iNOS are induced in lungs of COPD patients.[@b134-copd-9-1207] Nitric oxide synthase (NOS) inhibitors reduced progression of emphysema experimentally and could be another future therapeutic option.[@b135-copd-9-1207] These agents decrease NO availability and so reduce the S-nitrosylation of HDAC2 that occurs in COPD.[@b136-copd-9-1207] Unfortunately, this mechanism seems not to affect HDAC2 carbonylation by cigarette smoke. None of the compounds of this class can yet be safely applied in ROS-mediated chronic lung diseases and steroid resistance in COPD, and require further study.

It is therefore suggested that selective iNOS-inhibitors with concomitant supplementation of antioxidant agents from other classes could constitute a future strategy for severe COPD aimed to slow progression of emphysema.[@b135-copd-9-1207]

Antioxidants of vegetable origin and antioxidant agents partly under investigation
----------------------------------------------------------------------------------

The application of melatonin and dehydroepiandrosterone has been recommended, especially in USA. Both hormones were thought to be useful for FR scavenging and immune stimulation, and to slow aging.[@b137-copd-9-1207],[@b138-copd-9-1207] There could be future therapeutic use for the group of nitrogenous pterins, which also scavenge FR and alleviate oxidative stress on immune cells. Pterins are also used clinically as immunological biomarkers. Cigarette additives from the stone of the acai berry were able to reduce the harmful effects of cigarette smoke in mice (inflammation, emphysema) through the antioxidant enzymes MPO and GSH; in addition, neutrophil and macrophage elastase levels were significantly reduced.[@b139-copd-9-1207] Apocynin, an organic compound of the small plant *Picrorhiza kurroa* and structural relative of vanillin was shown to have the anti-inflammatory property of inhibiting NADPH oxidase in an asthma model.[@b140-copd-9-1207] Also, nebulized apocynin seems to be effective and safe as shown in asthmatics.[@b141-copd-9-1207] Omega-3 polyunsaturated fatty acids are also known to be beneficial against oxidative stress and inflammatory mediators in smokers.[@b142-copd-9-1207] In this context, an association between dietary intake of fatty acids, FEV1, and respiratory disease has been demonstrated.[@b143-copd-9-1207] A novel group of proresolving mediators (metabolites of arachidonic acid and omega-3 fatty acids) inhibit inflammation, granulocyte invasion, and monocyte recruitment.

Spin traps and thioredoxin (Trx) mimetics
-----------------------------------------

Spin traps have been developed to scavenge highly reactive FR and to form more stable radicals for accumulation and detection by electron spin resonance spectroscopy, and so may act as antioxidants. Most of the spin traps have a nitrone or nitroxide structure and are derivates of phenyl-based nitrones (eg, a-phenyl-N-tert-butyl nitrone), which have been shown to be beneficial in a variety of lung diseases, though only in animal studies.[@b144-copd-9-1207] Besides the radical scavenging effects, spin trap compounds in vivo may impact on enzymes that probably play a more important therapeutic role than radical scavenging. Their efficacy in COPD, however, has not yet been established.

Trxs are approximately 12-kDa polypeptides and ubiquitous in nature. They belong to the oxidoreductase family and act as antioxidant enzymes; they are important for the metabolism of peroxides because they facilitate the reduction of H~2~O~2~ and organic hydroperoxides, and regulate the cell redox state and growth. Recently, synthesized Trx mimetics have been shown to induce an upregulation of various redox-sensitive nuclear processes. Upregulation of Trx by some small synthetic molecules has been suggested to have therapeutic potential for airway diseases including COPD,[@b145-copd-9-1207] though high levels of Trx expression have been associated with aggressive cancers and poor prognosis.

Improvement of steroid responsiveness
-------------------------------------

Corticosteroids provide a major anti-inflammatory treatment option in airway disease and are highly beneficial in COPD patients suffering from high exacerbation rates. Corticosteroids suppress inflammatory gene expression by inhibiting histone acetyltransferase and by recruiting HDAC2 to the NF-κB-activated gene complex. Oxidative stress may decrease the anti-inflammatory effects of corticosteroids as well as the steroid sensitivity itself. HDAC2, which usually suppresses inflammatory gene expression, is reduced in lung tissue of patients with COPD, and so prevents corticosteroids from suppressing inflammation in the lung;[@b146-copd-9-1207] the high prevalence of steroid resistance in COPD hence is due to oxidation/S-nitrosylation of the HDAC2 at Cys-262 and Cys-274.[@b136-copd-9-1207] The inability to control lung inflammatory response is dependent on the Nrf2--HDAC2 axis.[@b93-copd-9-1207] However, a reversal of HDAC2 does not function if HDAC2 is carbonylated by cigarette smoke.

Therapeutic agents that could function as add-ons to improve steroid responsiveness in COPD might be a desirable therapeutic goal for the future. Nrf2-activators such as sulforaphane may improve steroid sensitivity in COPD, and NO-scavengers might also provide a future therapeutic option for reversing S-nitrosylation of HDAC2. Several other antioxidant compounds may enhance the efficacy of corticosteroids by mitigating endogenous oxidants and aldehydes.[@b131-copd-9-1207] The flavonol epicatechin in cocoa was also found to ameliorate intracellular oxidative stress as well as the development of steroid resistance and may provide a strong rationale for dietary intake as an antioxidant.[@b103-copd-9-1207] In this context, the polyphenol curcumin was shown to inhibit inflammation and to restore steroid sensitivity upon oxidative stress by maintaining HDAC2 activity in monocytes. Direct HDAC2-activating agents may be of high clinical impact as treatment for corticosteroid resistance in inflammatory lung disease including COPD. It is suggested that glucocorticosteroids together with polyphenols could become a strong therapeutic tool.

Pulmonary rehabilitation
------------------------

Besides pharmacological treatment, the nonpharmacological treatment of COPD includes smoking cessation, pulmonary rehabilitation (PR), and nutritional support. PR is a multidisciplinary approach aiming to decrease dyspnea and improve physical exercise capacity and quality of life. However, patients with COPD show increased pulmonary and systemic oxidative burden both at rest and upon provocation by physical exercise, respectively.[@b147-copd-9-1207] In this context the extraordinary value of pulmonary rehabilitation is beyond question and rehabilitation programs are an important issue in COPD, since PR may lead to better tolerance of physical exercise (peak workload) and concomitantly to a decrease in exercise-induced oxidative damage.[@b148-copd-9-1207]

Future (genomic) medicine in COPD
=================================

While cigarette smoking is clearly the number-one risk factor in the development of COPD, recent research suggests that genetic influences may also play an important role and could explain why some smokers develop COPD while others do not. The marked variability in lung function and risk of COPD in smokers together with studies of familial aggregation further support an important role for genetics in COPD.[@b149-copd-9-1207],[@b150-copd-9-1207]

Although COPD is likely a genetically codetermined disease based on subtle differences in COPD phenotypes, α1-antitrypsin deficiency (eg, protease inhibitor Z) still remains the only proven genetic risk factor for COPD. Even among protease inhibitor Z individuals, there is substantial variability in lung function, suggesting that other genetic modifiers may influence the expression of lung disease in severe α1-antitrypsin deficiency.[@b151-copd-9-1207] The variable development of COPD in smokers without α1-antitrypsin deficiency and the familial aggregation of lung-function measurements also suggest genetic influences on lung-function decline leading to COPD. Only a limited number of COPD pharmacogenetic studies have been published to date, with inconclusive results.[@b152-copd-9-1207] Many candidate gene loci have been investigated as potential COPD genetic determinants by case-controlled genetic association studies, but again mostly with inconsistent results.[@b153-copd-9-1207] Two potential reasons for the conflicting findings between association studies may be genetic heterogeneity and population stratification. Further clinical studies should focus on patients with specific COPD-related subphenotypes, such as predominant emphysema, bronchitis, or frequent exacerbation subtype, because potential novel antioxidative agents might have different effects on different types of COPD.[@b120-copd-9-1207] Recently published linkage analysis studies have identified regions of the genome that contain COPD susceptibility genes. Future investigations of genetic impact in COPD should consider using family-based designs for association studies and studying positional candidate genes within regions of linkage.[@b154-copd-9-1207] Genetic studies may also help to refine these COPD subtypes by identifying genetic variants associated with specific disease phenotypes. Furthermore, gene-expression profiling may also be an important method to distinguish molecular subtypes of COPD.
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![Generating reactive oxygen and nitrogen species and defending against them.\
**Notes:** Homeostasis of pro- and antioxidative processes is a prerequisite for normal growth and metabolism. Increased as well as suppressed formation of reactive species may be harmful. An elevated formation of reactive species may lead to random cellular damage causing aging and disease, but also to specific signaling pathways. Adapted by permission from Macmillan Publishers Ltd: NATURE. Finkel T, Holbrook NJ. Oxidants, oxidative stress and the biology of aging. *Nature*. 2000;408(6809):239--247,[@b26-copd-9-1207] copyright 2000. Available from: <http://www.nature.com/nature/index.html>.\
**Abbreviations:** CAT, catalases; GPx, peroxidases; NADPH, ; RNS, reactive nitrogen species; SOD, superoxide dismutases.](copd-9-1207Fig1){#f1-copd-9-1207}

###### 

Free radicals (ROS, RNS) as contributors to oxidative stress

  Name                    Formula      Characteristics
  ----------------------- ------------ ------------------------------------------------------------------------------------------------
  Hyperoxide/superoxide   ^•^O~2~^−^   Highly unstable, signaling function, synaptic plasticity
  Hydrogen peroxide       H~2~O~2~     Cell toxicity, signaling function, generation of other ROS
  Hydroxyl radical        ^•^OH        Free radical, highly unstable, very reactive agent
  Alkoxyl radical         RO^•^        Free radical, reaction product of lipids
  Peroxyl radical         ROO^•^       Free radical, reaction product of lipids
  Hypochlorite anion      OCl^−^       Reactive oxygen species, reactive chlorine species, enzymatically generated by myeloperoxidase
  Singlet oxygen          ^1^O~2~      Induced/excited oxygen molecule, radical and nonradical form
  Ozone                   O~3~         Environmental toxin
  Nitric oxide            ^•^NO        Environmental toxin, endogenous signal molecule
  Peroxynitrite           ONOO^−^      Highly reactive reaction intermediate of ^•^O~2~ and ^•^NO
  Nitrogen dioxide        ^•^NO~2~     Highly reactive radical, environmental toxin
  Nitrogen oxides         NO~x~        Environmental toxins, including NO and ^•^NO~2~, derived from the combustion process

**Abbreviations:** RNS, reactive nitrogen species; ROS, reactive oxygen species.

###### 

ROS-related hallmarks impacting COPD

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------
  Mechanism                                                 Outcome
  --------------------------------------------------------- -----------------------------------------------------------------------------------------------------
  Imbalance of proteases/antiproteases                      Inactivation of antiprotease shield (α~1~AT, SLPI)\
                                                            Activation of metalloproteinases

  Molecular mechanisms\                                     Increased gene expression of inflammatory mediators and cytokines (IL-1, TNFα, IL-8, GM-CSF, iNOS)\
  • Upregulation of gene transcription (NF-κB, AP-1)\       Steroid resistance\
  • Increase of cellular cytokine production in the lung\   Airway remodeling
  • Signal transduction                                     

  Nuclear histone acetylation/deacetylation balance\        Chronic inflammation\
  Remodeling of DNA/chromatin                               Decreased histone deacetylase 2
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** COPD, chronic obstructive pulmonary disease; iNOS, inducible nitric oxide synthase isoenzymes; ROS, reactive oxygen species; SLPI, secretory leukocyte protease inhibitor; α~1~AT, alpha-1-antitrypsin; IL-1, interleukin 1; TNF-α, tumor necrosis factor alpha; IL-8, interleukin-8; GM-CSF, granulocyte macrophage colony-stimulating factor.

###### 

Environmental (exogenous) and endogenous causes of oxidative stress

  ----------------------------------------------------------------------------------------
  Inflammation (activated macrophages and neutrophils)
  Tobacco smoke (active and passive exposition)
  Hyperoxia (long term oxygenation therapy)
  Hypoxia (hypobaric and normobaric hypoxia)
  Environmental air pollutants (particulate matter, occupational dusts, traffic exhaust)
  Depletion of antioxidant screen (chronic smoking)
  Reoxygenation (ischemia/reperfusion)
  Mitochondrial electron transport (respiratory chain)
  Oxidative enzymes (lipoxygenases, cyclooxygenases, cytochrome P450) Ionizing radiation
  ----------------------------------------------------------------------------------------

###### 

Aims of successful antioxidative treatment intervention in COPD

  -----------------------------------------------------------------------------------------------------------
  Neutralization of systemic and local oxidative burden
  Concomitant decrease of biomarkers (MPO, NO)
  Improvement of endogenous antioxidant defense
  Defense against FR generation
  Inhibition of inflammatory gene expression
  Repression of airway inflammation
  Amplification of nonenzymatic antioxidant concentrations (dietary measures, pharmacological intervention)
  Inhibition of the development of systemic disease
  Ameliorating lung-function decline
  Decrease of the exacerbation rate
  Decrease of respiratory symptoms
  Restoration of steroid responsiveness
  Overcoming mucus hypersecretion
  Slowing skeletal muscle dysfunction and atrophy
  Intracellular targeted antioxidants
  Combined effects of antioxidants
  High bioavailability and low toxicity
  -----------------------------------------------------------------------------------------------------------

**Abbreviations:** COPD, chronic obstructive pulmonary disease; FR, free radical; MPO, myeloperoxidase; NO, nitrogen monoxide.

###### 

Agents with antioxidative potential

  ----------------------------------------------------------------- -----------------------------------------------------
  Thiols and novel thiol compounds                                  Carbocysteine
  Nrf2 activators                                                   Erdosteine
  Fudosteine                                                        
  Glutathione esters                                                
  N-acetyl-L-cysteine                                               
  N-acystelyn                                                       
  N-isobutyryl-cysteine                                             
  Procysteine                                                       
  Thioredoxin                                                       
  Sulforaphane                                                      
  Imidazolide                                                       
  Dietary polyphenols, flavonoids                                   Acai
  Nutraceuticals (natural compounds)                                Flavonols
  Flavones                                                          
  Lycopene                                                          
  Resveratrol (red wine extract)                                    
  Sulforaphane                                                      
  Turmeric (curcumin)                                               
  Quercetin (green tea)                                             
  Vitamin D                                                         
  Polyunsaturated fatty acids                                       
  Omega-3 fatty acids                                               
  Radical scavengers, other antioxidants                            Apocynin
  Edaravone                                                         
  Ergothioneine                                                     
  Hydrogen sulfide                                                  
  Catechin (green tea)                                              
  Lazaroids                                                         
  Myeloperoxidase inhibitors (thioxanthine)                         
  Glutaredoxin                                                      
  Nitrone spin traps                                                
  Peroxiredoxins                                                    
  Porphyrins                                                        
  Hydrogen sulfide (H~2~S)                                          
  Synthetic molecules, specific spin traps                          α-phenyl-N-tert-butyl nitrone (EcSOD/SOD3 mimetics)
  Catalytic oxidants                                                Porphyrins (AEOL 10150, 10113)
  Superoxide dismutase mimetics                                     
  Lipid peroxidation blockers                                       
  Protein carbonylation blockers (Edaravone, lazaroids/tirilazad)   
  Tocotrienols                                                      
  Antioxidant vitamins                                              Vitamins C, E, provitamin A
  Redox modulators, redox sensor inhibitors                         Manganese-metalloporphyrins
  Selenium compounds                                                
  Antioxidant enzyme mimetics                                       Ebselen
  iNOS inhibitors                                                   Manganese-metalloporphyrins
  ----------------------------------------------------------------- -----------------------------------------------------

**Abbreviations:** EcSOD, extracellular superoxide dismutase; iNOS, inducible nitric oxide synthase isoenzymes; Nrf2, NF-E2-related factor 2.
